Peripheral blood neutrophils from periodontitis patients exhibit a hyperreactive and hyperactive phenotype (collectively termed hyperresponsivity) in terms of production of reactive oxygen species (ROS). The molecular basis for this phenomenon, however, has yet to be determined. Our objectives were to identify genes differentially expressed in hyperresponsive peripheral blood neutrophils from chronic periodontitis patients relative to periodontally healthy controls and use these data to identify potential contributory pathways to the hyperresponsive neutrophil phenotype. Using microarray technology we demonstrated differential expression of 163 genes (149 increased, 14 decreased) representing a range of ontological classes. There was increased expression of a significant number of IFN-stimulated genes (ISG). RT-PCR analysis of ISG transcripts in individual and pooled samples further corroborated these data, and indicated that levels decreased to near those of controls following successful therapy. Significantly enhanced Fc␥R-stimulated ROS production was subsequently achieved by priming control neutrophils with IFN-␣/-␤/-␥, but not LPS, and gene expression analysis indicated that exposure to the type I IFN (in particular IFN-␣) better replicated the mRNA profile observed in vivo. Further studies demonstrated that plasma levels of IFN-␣ were significantly higher in samples from patients relative to unaffected controls. Following successful periodontitis treatment, plasma IFN-␣ levels, neutrophil ISG expression, and Fc␥R-stimulated neutrophil ROS output of patients, all decreased to levels comparable with those of controls. In conclusion, although chronic periodontitis is a complex disease, raised IFN-␣ may be one determinant of the distinct molecular phenotype and hyperresponsivity exhibited by patients' peripheral blood neutrophils.
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P eripheral blood neutrophils (PBN)
3 from patients with a range of inflammatory disorders have been shown to have enhanced chemotactic and extracellular proteolytic activity as well as the ability to produce increased amounts of reactive oxygen species (ROS; Refs. 1-3). It has been proposed that the accumulation of these activated neutrophils at sites of tissue irritation, Ag localization, or bacterial infection subsequently leads to the tissue damage that underpins the clinical course of these diseases.
Periodontitis is one of the most prevalent human inflammatory diseases and is characterized by an aberrant and exaggerated neutrophilic response to microbial plaque present at the gingival margin indicating dysregulation of the hosts' innate immune response (4, 5) . The resultant collateral host tissue damage to the supporting periodontal tissues leads to progressive periodontitis and ultimately culminates in tooth loss (6) . Several studies have demonstrated that PBN from chronic periodontitis patients are not only hyperreactive, in response to Fc␥R stimulation by periodontal pathogens, but also hyperactive, with respect to baseline unstimulated ROS production (7) (8) (9) (10) . Although a host molecular defect in intracellular lipid signaling may explain peripheral neutrophil ROS hyperreactivity in the relatively rare form of the disease, localized aggressive periodontitis (11) , this mechanism does not explain the patient predisposition observed in chronic periodontitis. The underlying mechanism(s) responsible for the hyperinflammatory neutrophil phenotype seen in chronic periodontitis (the commonest form of the disease) is currently unknown, although analyses indicate that it is not a result of altered adhesion molecule (7) or Phox gene (10) expression, polymorphisms in Fc␥R (8, 12) , or in vitro priming by cytokines or LPS (13, 14) . Furthermore, the association of periodontitis with increased relative risk for cardiovascular disease, fatal coronary events (15) , and ischemic stroke (16) , and the demonstrable medium-term reductions in vascular endothelial dysfunction following aggressive periodontal therapies (17) , emphasize the potential impact of inflammatory periodontitis on peripheral macrovascular disease.
To identify factors predisposing to, or biomarkers of disease activity, peripheral blood levels of several acute phase response (APR) proteins in periodontitis patients have been analyzed. During the APR, following local release of factors such as TNF-␣, IL-1␤, and IL-6, systemic changes occur that include significant hepatic release of plasma proteins (e.g., C-reactive protein and serum amyloid A), activation of complement proteins, and several other metabolic events (18, 19) . Thus far, whereas plasma C-reactive protein levels have generally been found to be higher in periodontitis patients compared with healthy controls, findings for any of the other ϳ40 recognized APR proteins are inconsistent, mainly due to the biological heterogeneity of patients (20 -22) . Notably, analysis of circulating APR-associated cytokine levels, including TNF-␣, IL-1␤, IL-2, IL-4, and IL-10, has therefore yet to identify any useful biomarkers, nor has it been able to provide a mechanistic explanation for disease pathogenesis (23) (24) (25) (26) .
Nevertheless, it is hypothesized that the APR, which may arise chronically in patients, is responsible for the association between periodontitis and other systemic disorders such as cardiovascular disease (20, 27) . Although IFN-␥ may be important in eliciting the APR, and its levels have been shown to be higher in tissues, serum, and gingival crevicular fluid from periodontitis patients (23), the type I IFNs have received little attention. Although IFN-␣ and -␤ are generally associated with autoimmune diseases and host responses to viral infection (28) , both can also modulate neutrophil behavior. Notably, type I IFN can prolong neutrophil life span by inhibiting apoptosis via PI3K, protein kinase C-␦, NF-B, and STAT3 signaling pathways (29, 30) . IFN-␣ is also able to enhance the respiratory burst in the presence of other stimuli, such as fMLP, leukotriene B4, or influenza A virus (31, 32) .
Recently, high-throughput gene expression approaches comparing peripheral blood cells from control subjects and patients have contributed to improved diagnostic procedures and molecular understanding for a range of chronic inflammatory diseases, such as systemic lupus erythematosus and ulcerative colitis (33, 34) . The aim of this study, therefore, was to use microarray technology to analyze the gene expression signature of hyperresponsive PBN from periodontitis patients to identify factors potentially important for disease pathogenesis.
Materials and Methods

Study populations
Subjects with chronic periodontitis (n ϭ 19, 5 males and 14 females; mean age ϭ 47.2 Ϯ 6.1 years, range ϭ 36 -61 years) were recruited from patients referred to the periodontal department of Birmingham's Dental Hospital (Birmingham, U.K.). The diagnostic criteria for chronic periodontitis were as previously reported (35) . Age-and gender-matched periodontally healthy control subjects (n ϭ 19, 5 males and 14 females; mean age ϭ 46.4 Ϯ 5.4 years, range ϭ 37-62 years) were recruited from staff of the Dental Hospital. All subjects were systemically healthy and exclusion criteria included a course of nonsteroidal anti-inflammatory drugs or antimicrobial drugs within a 3-mo period before enrollment, pregnancy, use of mouthwashes or vitamin supplements within the previous 3 mo. Venous blood (see below) was collected from patients and controls immediately following initial patient presentation and diagnosis. Samples were also collected 3 mo following completion of successful periodontal treatment where active disease was no longer apparent, and before relapse of individual sites during periodontal maintenance (postreview; Ref. 36) . All volunteers were never smokers with no history of recreational drug use and no special dietary requirements. This population has been investigated in both cross-sectional and longitudinal studies of the effects of nonsurgical periodontal therapy upon PBN ROS hyperresponsiveness (9, 10) .
A further 10 periodontally and systemically healthy subjects (five males and five females; mean age ϭ 37.8 Ϯ 11.4 years, range ϭ 22-60 years) were recruited from staff of the Dental Hospital as a source of PBN to determine the priming effects of IFN on Fc␥R-stimulated ROS production and expression of IFN-stimulated genes (ISG). Ethical approval was granted by South Birmingham Local Research Ethics Committee (LREC 5643). Informed consent to participate was initially obtained, followed by the completion of a medical questionnaire.
Collection of venous blood and preparation of plasma and neutrophils
Venous blood was collected from patients and corresponding age/gender matched controls (simultaneously) from the ante-cubital fossa into Vacutainer lithium heparin (17 IU/ml) tubes and following an overnight fast where subjects were also asked to refrain from drinking (except water) or chewing gum. Platelet-depleted plasma was prepared (1000 ϫ g, 30 min, 4°C) and subsequently stored in liquid nitrogen.
Neutrophils were isolated from venous blood (lithium heparin) as previously described (9, 10) using a discontinuous Percoll gradient (␦ ϭ 1.079:1.098) followed by erythrocyte lysis (0.83% NH 4 Cl containing 1% KHCO 3 , 0.04% Na 2 EDTA.2H 2 O, and 0.25% BSA). Isolated cells were resuspended in PBS supplemented with glucose (1 mM) and cations (1 mM MgCl 2 , 1.5 mM CaCl 2 ) at 1 ϫ 10 6 cells/ml. Cell viability, typically Ͼ98%, was determined using dye exclusion (trypan blue), and the purity of the neutrophils was in excess of 95% using this methodology (37) .
ECL for assay of total ROS production
All assays were performed as previously described (9, 10) . In brief, neutrophils (1 ϫ 10 5 ) were placed in preblocked (PBS with 1% BSA, overnight at 4°C) white microwells (Microlite 2; Dynex) with supplemented PBS or supplemented PBS containing 25 IU of IFN-␣, -␤, -␥ (R&D Systems), or 0.1 g of LPS (Sigma-Aldrich; serotype 026:B6; 35 l), luminol (3 mmol/L; 30 l) for detection of total ROS production, or isoluminol (3 mmol/L; 60 l) with 6 U of HRP for detection of extracellular ROS release. Following equilibration in the microplate reader (37°C, Bertold microplate-luminometer; LB96v) for 30 min, cells were stimulated with opsonized Staphylococcus aureus (NCTC 6571; 300 bacteria/neutrophil; 25 l) or PBS as control. All analyses were performed in triplicate. Light emission in relative light units (RLU) was recorded during the priming phase (30 min) to study unprimed radical release and after stimulation (150 min) with the peak signal determined. Experiments using IFN-␣ as a priming agent were repeated using lower amounts (0.025, 0.25, and 2.5 IU) to give more physiologically relevant priming concentrations of 0.14, 1.4, 14 IU/ml and 0.12, 1.2, 12 IU/ml for luminol and isoluminol reactions, respectively.
Nitrite assay
Neutrophils (2 ϫ 10 7 in 1150 l of PBS supplemented with glucose) were primed with 50 l IFN␣ (5000 IU, equivalent to 25 IU/1 ϫ 10 5 cells) or PBS and incubated at 37°C for 30 min. Subsequently, neutrophils were stimulated with 800 l of fMLP (1 mM, equivalent to 4 nM/1 ϫ 10 5 cells) or PBS for 2 h at 37°C. Following stimulation, cells were centrifuged (2 min, 100 ϫ g), the supernatants removed and assayed in triplicate for nitrite, the stable end product of NO metabolism, by the Greiss reaction as described previously (38) . 
IFN treatment of neutrophils for RNA extraction
Neutrophils (1 ϫ 10 6 cells; 1 ml) were added to supplemented PBS (500 l) containing either IFN-␣, -␤, -␥ (250 IU), or LPS (1 g) in Eppendorf tubes, which were then incubated uncapped at 37°C for 3 h. Following stimulation, cells were centrifuged (2 min, 100 ϫ g), the supernatant removed, and the cell pellet resuspended in 1 ml of TRIzol (Sigma-Aldrich). After phenol/chloroform extraction (Sigma-Aldrich), the aqueous phase was combined with 70% ethanol and added to an RNeasy minicolumn (Qiagen). Subsequent purification and DNase treatment were performed as recommended by the manufacturer (Qiagen). RNA was eluted in 30 l of sterile water, and concentrations were determined from absorbance values at 260 nm using a BioPhotometer (Eppendorf). RNA integrity was verified by visual inspection of samples on 1% nondenaturing agarose gels stained with SYBR Gold (Molecular Probes).
Microarray target preparation, hybridization, and analysis
Total patient and control RNA were obtained by pooling RNA from four pairs of PBN samples, obtained from patients and controls in the study population. Patient and control pairs were previously demonstrated to exhibit a high hyperresponsive differential (both hyperreactivity to Fc␥R-stimulation and baseline unstimulated hyperactivity) as determined by ECL (mean differential periodontitis vs health ϭ 13,897 RLU, range ϭ 8,300 -27,061 RLU), and these data have been published elsewhere (9, 10) . RNA samples were analyzed using human Affymetrix HG_U133A oligonucleotide arrays, as described at www.affymetrix.com/products/arrays/specific/hgu133.affx. Total RNA from each sample was used to prepare biotinylated target RNA, according to the manufacturer's instructions (www.affymetrix.com/support/technical/manual/expression_manual.affx).
In brief, DNase digested total RNA (5 g) was used to generate doublestranded cDNA using SuperScript reagents (Life Technologies) and a T7-linked oligo(dT) primer. cRNAs were synthesized using the ENZO BioArray High Yield RNA Transcript Labeling Kit (Affymetrix), and resulting biotinylated labeled cRNA was subsequently fragmented into 35-to 200-bp lengths using fragmentation buffer (Affymetrix). As recommended by the manufacturers, RNA, cDNA, and cRNA quality and size distribution were visually confirmed by agarose gel electrophoresis. Spike controls B2, bio-B, bio-C, bio-D, and Cre-x were added to the hybridization mixture before overnight hybridization at 45°C for 16 h. Arrays were stained and washed on the Fluidics Station 400 (Affymetrix) using the EukGE-WS2 protocol (dual staining) before being scanned twice on the GeneChip Scanner 3000 at an excitation wavelength of 488 nm. The integrity and quality of prepared samples was confirmed using Affymetrix Test3 GeneChips. HG_U133A microarrays (Affymetrix) were subsequently hybridized with the cRNA samples. Analysis of control parameter data (as described for Test3 GeneChip analysis) confirmed hybridization success (data not shown) and scaling factors were well within Affymetrix recommended guidelines.
Microarray data analysis
For analysis of hybridization results, which all met minimum requirements for data quality and distribution, raw data files were exported from Affymetrix microarray suite 5.0 software (MAS5.0; Affymetrix) into GeneSpring 5.1 software (Silicon Genetics). Values were normalized to the median signal values for each array. Based on previous experiences, Affymetrix and GeneSpring recommendations, and published literature (39, 40) , genes with at least a 2-fold change in expression level and with a signal intensity value of Ͼ100 on either the control or test arrays were classified as being differentially expressed. The remaining genes were considered informative and were subjected to t test using a global error model with the variance statistic derived from replicates. Finally, to reduce false-differential gene expression a Bonferroni multiple test correction filter was applied. Microarray analyses were Minimum Information About a Microarray Experiment compliant, and raw data files are available in the Gene Expression Omnibus database under the series number GSE12484 (www.ncbi.nlm.nih.gov/geo/).
cDNA synthesis and semi-quantitative RT-PCR analysis
RT-PCR was performed using pooled RNA from individual pre-/post-review patient and control RNA samples (n ϭ 9) as well as pooled healthy control samples primed with IFN and Escherichia coli LPS. For cDNA synthesis, 1-5 g of total RNA was used for oligo(dT) reverse transcription to generate single stranded cDNA (Omniscript kit; Qiagen). cDNA concentrations were determined using a BioPhotometer (Eppendorf). Primer sequences and cycling conditions for the genes analyzed are provided in Table I . The housekeeping gene GAPDH was used as a normalization control. Primers were designed from the Affymetrix probe target identifier sequences using the Primer3 program (frodo.wi.mit.edu/cgi-bin/ primer3/primer3_www.cgi). Typically cDNA (50 ng) was used to seed 50 l of REDTaq PCR mixes (Sigma-Aldrich) and subjected to between 25 and 40 cycles. Amplification cycles of 95°C for 20 s, 61°for 20 s, and 72°f or 20 s were performed using a Mastercycler thermal cycler (Eppendorf). Following the designated number of cycles 7 l of the reaction product was removed and PCR products separated and visualized on a 1.5% agarose gel containing ethidium bromide (0.5 g/ml). Scanned gel images were imported into AIDA image analysis software (Fuji) and the volume density of amplified products calculated and normalized against GAPDH control values.
IFN-␣ ELISA
IFN-␣ levels were determined in all the available liquid nitrogen-stored plasma samples from the study population before and 3 mo after successful nonsurgical therapy (n ϭ 12 patient-control pairs). Plasma samples were diluted 1/2 in sample diluent and levels measured in duplicate using a high sensitivity Biotrak ELISA (Amersham Biosciences) according to the manufacturer's instructions. This assay has a detection limit of 0.01 pg/well and a range of 0.63-20.0 pg/ml.
Data handling and statistical analysis
Chemiluminescent data were recorded automatically and transferred to Microsoft Excel spreadsheets. Manipulation of data was performed in Excel and statistical evaluation performed using Instat 3.2 (GraphPad). Between group plasma IFN-␣ differences were assessed using Mann-Whitney U tests. Within group (periodontitis pre-vs posttherapy) differences in plasma IFN-␣ and primed neutrophil chemiluminescence, data were analyzed by Wilcoxon test. A level of p Ͻ 0.05 was used to assign statistical significance.
Results
Gene expression analysis in patient and control neutrophils
Initial assessment of microarray data revealed that whereas granulocyte CSFR, CD45, and liver/bone/kidney alkaline phosphatase transcripts were detected at high signal levels, macrophage CSFR transcript was absent (data not shown), confirming that there was no detectable monocytic contamination of the original neutrophil RNA samples. Pairwise analysis of hybridization data indicated that of the 5680 genes detected as being present in both targets, 163 genes (2.87% of detected genes) were 2-fold or greater differentially expressed between healthy and periodontitis patient samples. Of this dataset, 14 were more highly expressed in neutrophils from healthy patients than those with periodontitis (ageand gender-matched), and 149 were up-regulated in periodontitis patient neutrophils relative to healthy patients. The majority of the differentially expressed genes (96.8%) were 2-to 10-fold differentially expressed with 3.2% exhibiting Ͼ10-fold differential expression. Whereas genes more abundant in patient neutrophils (n ϭ 149; Table II ) mapped to a range of biological processes and molecular functions, genes representing ribosomal function and translational mechanisms were highly represented (n ϭ 35; 23%, data not shown), as were those representing ISG (n ϭ 33; 22.2%). Notably, of the differentially expressed ISG, 11 of the 33 corresponded to genes reported to have increased expression due to IFN-␥ exposure, whereas 25 corresponded to genes reported to increase due to type I IFN exposure (41, 42) .
To further investigate the gene expression data obtained by microarray analysis in a larger panel of patient and controls pairs (n ϭ 9), six differentially expressed genes, representing ISG from a range of ontological groups and fold changes, were selected for RT-PCR analysis (Table I ). The gene expression data confirmed that transcript levels for all six genes were increased in a pooled RNA sample (from n ϭ 4; Fig. 1A ) and also in individual (n ϭ 9; Fig. 1C ) periodontitis samples compared with controls, supporting the data obtained by microarray analysis. These latter results also demonstrated the heterogeneity of gene expression levels in periodontitis and healthy individuals (Fig. 1B) . After therapy, gene expression levels within the periodontitis patient neutrophils decreased, approaching control values, in both the pooled (n ϭ 4; Fig. 1A ) and individual (n ϭ 9; Fig. 1C ) samples.
Analysis of neutrophil responses to IFN
Due to the relatively high proportion of ISG represented in the PBN from periodontitis patients (33 of 149 genes; Table II), the effect of IFN-␣, -␤, -␥, and LPS on ROS and gene expression was analyzed in neutrophils from periodontally and systemically healthy individuals (n ϭ 5). LPS stimulation was included in these analyses as a positive control as it has previously been reported to elicit an ISG expression response (42) . Enhancement of total and extracellular Fc␥R-stimulated chemiluminescence (CL) by neutrophils was induced by priming with IFN-␣ ( p ϭ 0.031 total CL; p ϭ 0.031 extracellular CL), IFN-␤ ( p ϭ 0.031; p ϭ 0.063), and IFN-␥ ( p ϭ 0.031; p ϭ 0.031). By comparison, E. coli LPS caused a small, insignificant increase in mean total and extracellular CL ( p ϭ 0.063, p ϭ 0.094; Fig. 2, A and B) . Gene expression analysis showed that IFN-␣ and IFN-␤ priming increased expression of all six ISGs by between 49 and 209%. Priming with IFN-␥ or LPS increased expression of five ISGs by between 9 and 101%. IFI44-like and Mx1 gene expression appeared unaffected by IFN-␥ and LPS priming, respectively (Fig. 2C) .
IFN-␣ plasma levels in periodontitis patients and orally healthy controls
Due to the observed ability of type I IFN to prime neutrophils for the respiratory burst and to consistently increase expression of all the investigated ISG identified as up-regulated in the periodontitis neutrophil dataset, IFN-␣ levels in pre-and post-therapy patient (n ϭ 12) and control (n ϭ 12) plasma samples (platelet-depleted plasma) were investigated. Plasma IFN-␣ levels in periodontitis subjects were significantly higher pre-nonsurgical therapy (0.97 Ϯ 0.31 pg/ml) than those of periodontally healthy controls (0.47 Ϯ 0.22 pg/ml, p ϭ 0.0045). After therapy, plasma IFN-␣ concentrations (0.53-Ϯ0.31pg/ml) reduced to levels not significantly different from matched healthy controls ( p ϭ 0.603; Fig. 3 ). Although our initial studies (Fig. 2) were performed using 25 IU (equivalent to IFN-␣ priming concentrations of 143 and 122 IU/ml for the luminol and isoluminol assays, respectively), we subsequently wanted to determine whether levels found within the peripheral circulation in patients of ϳ1 pg/ml (approximately equivalent to 0.37 IU/ml) were able to prime PBN with regard to the oxidative burst. Data indicated (Fig. 4) that IFN-␣ concentrations as low as 0.14 (luminol) and 0.12 IU/ml (isoluminol) were able to prime neutrophils for both intra-and extracellular ROS production at levels statistically significantly higher than controls ( p ϭ 0.03). Experiments were also performed to determine whether IFN-␣ could prime neutrophil NO production induced by fMLP, a known stimulator of NO (38) . These results demonstrated that IFN-␣, at concentrations that primed Fc␥R-stimulated ROS generation, was unable to prime fMLP NO release (data not shown).
Discussion
Global gene expression profiling of peripheral blood cells has already proven to be a valuable tool not only for identifying novel clinically useful biomarkers, but also for determining pathogenic mechanisms in chronic inflammatory human diseases that provide new therapeutic targets (33, 34) . To our knowledge the current study is the first to apply this technology to study transcriptional patterns in unstimulated, unprimed PBN from chronic periodontitis patients. By using microarrays not tailored for the disease we were able to elucidate transcriptional changes that were previously not part of current understanding. These studies have identified several functional groups of genes up-regulated in periodontitis patients' neutrophils compared with healthy controls, providing a better understanding of the molecular processes underpinning this highly prevalent disease in which peripheral neutrophils generate increased levels of ROS in the presence and absence of stimulation (7) (8) (9) (10) .
Previous studies comparing the transcriptional response of neutrophils to fMLP stimulation in health and periodontitis (aggressive and chronic disease) have demonstrated that patients' cells showed a preferential up-regulation of transcripts representing ribosomal protein-encoding genes. These transcriptional changes may indicate an enhanced capacity for protein synthesis and/or other functions these molecules mediate in periodontitis (43) . Interestingly, members of this same group of genes were also upregulated in neutrophils primed with GM-CSF (12), a growth factor known to be associated with neutrophil-mediated pathology (44, 45) and recently implicated in production of heightened baseline levels of extracellular ROS by neutrophils in chronic periodontitis (9) . It is therefore interesting to speculate that the relatively high proportion of ribosomal protein-encoding genes represented in our periodontitis dataset indicate that patients' PBN are already in a "primed" state.
Our most significant finding, however, was the relatively high proportion of up-regulated ISGs within our periodontitis patient neutrophil dataset. Analysis of the literature indicated that the most likely candidates for stimulating this profile were type-I IFN, data supported by our PCR analyses (Figs. 1 and 2C) . Indeed, the IFI44-like transcript (whose function remains unknown), which exhibited the highest change in expression level, was up-regulated only by type I IFN and not by IFN-␥ under the conditions tested (Fig. 2C) . Consistent with these data were our results demonstrating the ability of IFN to enhance the oxidative burst. Although IFN-␥ has previously been shown to "prime" for neutrophil ROS generation in a stimulusdependant manner (46), we now demonstrate that type I IFN can perform a similar function. Taken together, these data indicate that increased peripheral blood type I IFN levels in periodontitis patients have the potential to serve as a priming factor and could contribute to the reported neutrophil hyperresponsivity with respect to Fc␥R-mediated ROS generation (7) (8) (9) (10) .
Notably, it has been shown that neutrophil maturation is accompanied by heightened expression of genes that increase their response to type I and type II IFN, which act as priming agents on mature neutrophils enabling the formation of extracellular traps upon further appropriate stimulation (47) . Thus, the heightened expression of ISG by neutrophils in periodontitis patients may indicate that they are primed and hyperresponsive in terms of neutrophil extracellular trap production, a possibility currently under investigation.
It is known that following local infection, bacteria and/or their components can enter the systemic circulation (48, 49) . It is therefore conceivable that this process may also directly or indirectly contribute to the peripheral activation of neutrophils and potentially the patient gene expression signature observed in this study. Indeed, infectious bacteria (e.g., Chlamydia, S. aureus, E. coli) have previously been reported to increase IFN-␣ levels (50, 51) . Comparison of our results with published data for neutrophils stimulated with LPS indicates similarities in gene expression datasets with respect to ISG (52) . Notably, ISG induction by LPS was shown to be independent of type I IFN or other unidentified soluble autocrine factors released by the neutrophils (53). Our analyses, however, demonstrate that LPS does not best recapitulate the ISG profile observed in vivo (Fig. 2C) , and therefore does not represent the most likely source of neutrophil priming. It is also unlikely that neutrophils are the source of elevated IFN levels potentially causing autocrine activation. Indeed, it is known that plasmacytoid dendritic cells are the more probable source of this molecule as they express 1000-fold more IFN-␣/-␤ than other cell types. Notably, other bacterial products (e.g., DNA) can also enhance plasmacytoid dendritic cells' IFN expression (54) .
Another potential mechanism for priming of peripheral neutrophils in periodontitis is that of bacterial DNA (bDNA). Recently, GeneChip studies of peripheral blood monocytes identified that bDNA CpG motifs induced ISG expression. Subsequent blockade of the IFN-␣/-␤ receptor on these cells strongly inhibited ISG induction, indicating that this receptor was capable of recognizing bDNA (55) . In addition, bDNA directly affects neutrophil behavior by activating changes in cell shape and migration and inhibiting apoptosis (56, 57) . Animal experiments have also shown that mice pretreated with bDNA exhibit enhanced neutrophil influx at sites of infection. The recruited neutrophils were phenotypically hyperactive, exhibited up-regulation of phagocytic receptors and activity, and elevated ROS production (58) . Although our data strongly implicates type I IFN in priming PBN, the systemic involvement of periodontal bacteria or their components in the chronic disease cycle cannot be excluded.
Although peripheral blood ISG transcript levels vary in apparently healthy individuals within the general population (59), our combined findings support the hypothesis that elevated plasma IFN-␣ levels and subsequent ISG expression are associated with periodontal inflammation. The data clearly demonstrate that following conventional periodontal treatment, plasma IFN-␣ levels and neutrophil ISG expression decrease in periodontitis patients to levels comparable with those of healthy controls, reflecting the reduction in neutrophil ROS hyperreactivity after therapy previously reported in the same patients (10) . Our functional studies (Figs. 2 and 3) indicate that peripheral IFN-␣ could contribute to the previously reported hyperreactive neutrophil phenotype (9, 10) .
Although it is possible that IFN-␣ levels are elevated in a similar manner to that of other acute phase proteins following periodontal infection, it is also conceivable that IFN-␣ levels were initially elevated due to other as yet unidentified factors, initiating periodontal inflammation. The mechanism by which IFN-␣ levels become raised within the peripheral circulation may therefore be key to understanding host susceptibility and pathogenesis of the disease. Notably, of the genes analyzed in Fig. 1 , and in general for ISG identified by microarray analysis, the majority, whose function is known, encode proteins involved in antiviral responses and/or have been implicated in autoimmune disease. Indeed, MX1 has been shown to provide a key protective function against viruses, in particular influenza, by interfering with its replication cycle (60) . Significantly, Cig5 has been shown to have antiviral activity against several viruses including influenza, hepatitis C, and human CMV (61) (62) (63) . G1P2 has also been demonstrated to enhance the innate antiviral response via regulation of IFN-stimulated intracellular signaling pathways (64) . Notably, for other genes including IFIT1, IFIT4, and IFI44, there is limited knowledge regarding their biochemical function or biological effect for the host, although it has been noted that their expression is increased in the autoimmune disease systemic lupus erythematosus (65, 66) . It is therefore interesting to speculate that periodontitis could exhibit an autoimmune component that may result from inefficient tissue autophagy (67) . Combined with data from the literature, it is also reasonable to suggest that another potential etiological factor is viral infection that could transiently raise type I IFN levels (68) . Several studies have implicated herpesviruses in the pathogenesis of periodontitis, with infected tissues harboring increased amounts of periodontopathogenic bacteria (e.g., Porphyromonas gingivalis, Tannerella forsythus, Prevotella intermedia; Ref. 69) . Notably, as the majority of adults are herpesvirus carriers, it is conceivable that following periods of viral latency subsequent activation and replication of the virus, triggered by periods of immunosuppression, stress, trauma, or indeed other common viral infections known to raise IFN-␣ levels such as influenza (70) , disease activity may be initiated in periodontitis-susceptible individuals.
This current study used a relatively small number of patients, and therefore despite this group being clinically representative, the results should be regarded as providing pilot data with more comprehensive studies now being planned. In addition, it would now be of interest to correlate neutrophil gene expression signatures with those within diseased tissues, along with determining the composition of the patients' plaque biofilm, their peripheral viral loads, and a more thorough monitoring of blood IFN-␣ levels throughout the treatment duration. However, a recent study (71) has demonstrated that IFN-␣, as well as TLR-9, gene expression is elevated in biopsy tissues from periodontitis compared with gingivitis lesions, further supporting our findings. Notably, peripheral blood levels of IFN-␣ were not measured and seropositivity for herpesvirus was not found to be different between periodontitis patients and gingivitis controls (71) . Analysis of IFN-␤ blood levels may also be of interest as type I IFN are generally raised in concert (72) , and their combined levels may be important to periodontitis pathogenesis. Although the proposed simultaneous analyses on large numbers of subjects may be technically demanding, this approach would enable a more comprehensive understanding of the local and peripheral molecular and cellular mechanisms underpinning the pathogenesis of periodontitis.
In conclusion, the role of a dysregulated host immune response, in particular neutrophil hyperresponsiveness in the generation of tissue damage in periodontitis, has been recognized for some time, however, the molecular mechanisms underlying this phenomenon have yet to be elucidated. Our studies now indicate for the first time that PBN from patients exhibit a distinct molecular phenotype, potentially indicating a "primed" state. The ability of type I IFN to "prime" the oxidative burst of neutrophils combined with the elevated levels of IFN-␣ found in patients blood during disease indicate this molecule is potentially involved in pathogenesis in certain patient subsets. The implications this may have for periodontitis diagnosis and therapy remain to be elucidated, as the cause of the IFN increase is yet to be determined.
